N

AD-A257 138
LT

OFFICE OF NAVAL RESEARCH
GRANT: N00014-80~J-1796

R&T CODE: 4131054

Technical Report No. 10

Physics and Chemistry in High Electric Fields

H. J. Kreuzer ELECTE ,
0CT291%9%2 B
To be Published in l\

"Atomic and Nanoscale Modification of Materials:
Fundamentals and Applications:, Ed. Ph. Avornis, NATO-ASI-E Series
"Applied Science" (Kluwer Academic Publishers, 1993)

Department of Physics, Dalhousie University
Halifax, Nova Scotia, Canada B3H 3J5

Reproduction in whole or in part is permitted for any purpose of
the United States Government.

This document has been approved for public release and sale;
its distribution is unlimited.

& 92-28457 //
S MmN 295

92 10 28 077




Form Approved

REPORT DOCUMENTATION PAGE B e, 97080188

<IN I VSIS 3 MUMATET TC aver WP | TQur D€ f@1DaMe. NCIUAInG tNE TIME COf revIew g .NIruCISnT, SeAFCTING 2NHNG 2304 Ourier

3 teadeq. Ird IMQIRNAG JAG Feidwe. A the _JIeCtian 3F Ntormanion Seng comments regaram(; TR Juraen SUMALE IF anv JtAe” ln:e',f PIITY b
3 oa 3 SuGFTINONS TCr SeaLung TN 3urgen 13 VaIAiNGLon ~e3qaudrtess Services, Jireciorate for ntormatign Joesauons ana ieoom‘ " (TS 2rtenon
Jroa =gt ovae Jute (203 Lumgesa (3 2102502 10a O the DIt ur t1anagement and Sudger. 710€rwart AEAUCTIon Aroject :0704- 188), Nasmington 3C 20531

1. AGENCY USE ONLY [Leave Jianx} | 2. REPCRT Dart: 3. REPORT TYPE AND OATES COVERED
Octeober 6, 1992 Technical Report
4 TITLE AND SUBTITLS 5. FUNDING NUMBERS
Physics and Chemistry in High Electric Fields G: NOOOQl4-80~J-1796
3. AUTHOR(S)

H. J. Kreuzer

7. ICIFIRMING CRGANIZATICN NAME!S) AND AQORESS{ES) 3. 2€3FQRMING CRGANIZATICN
REPORT NUMBER

Dalhousie University, Department of Physics
Halifax, N.S. 10
Canada B3H 3J5

3. SPCNSCAING MCNITCRING AGENCY NAME:S) 2ND AOCRESS(ES) 0. SPONSORING - MONITCRING !
Office of Naval Research Dept. of Navy, ONR, Res. Rep. AGENCY REPORT NUMBER |
800 N. Quincy Straer Qhio State University

Arlingrton, VA 22217-5000 Research Center

U.S.A. 1314 Kinnear Road, Room 318

Columbus, OH 432012-1194, USa

Tt SUPSLIMENTARY NCTEs , . . e ,
B ' I To be published in "Atomic and Nanoscale Modification of

Materials: Fundamentals and Applications:, Ed. Ph. Avornis, NATO-ASI-E Series
"Applied Science" (Kluwer Academic Publishers, 1993)

*23. JISTRIBUTICN AVAILAZILTY STATIMENT 128, DISTRIBUTICN C2C€

Approved for public release; distribution unlimited

13, ABSTRACT ‘Maximum 250 wercs) }

Progress is reviewed in our understanding of the effects of high electrostatic
fields (of the order of volts per angstrom) on the adsorption and reaction of
atoms and molecules on metal and semiconductor surfaces.

13, SUBJECT TEAMS 1S. NUMBER CF PAGES
Chemical Reactions, Electric Fields, Nanoscale Structures 16 PAICE COOE
17. SECUYRITY CLASSIFICATICN | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION | 20. LIMITATION OF A8S7RACT
QF REPCRT QF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclagsified No limitation
%S 7340-3°.280-5320 Stangard Form (98 {(Rav 2.39)
dreycroen v ANSI Sta 239- §
198.°32




Accesion For

NTIS CRA&I
DTIC TAB
Unannounced

PHYSICS AND CHEMISTRY IN HIGH ELECTRIC FIELDS

H.J. Kreuzer : iA’ l :
Department of Physics, Dalhousie University o
Halifax, N.S. B3H 3J5 Canada

ABSTRACT. Progress is reviewed in our understanding of the effects
of high electrostatic fields (of the order of volts per angstrom) on
the adsorption and reaction of atoms and molecules on metal and
semiconductor surfaces.

1. Introduction

Electrostatic fields of the order of volts per angstrom, as they
occur over macroscopic distances at field emission tips, in zeolite
cavities and at the electrode-electrolyte interface, are of the
same order as the fields inside atoms and molecules. They are thus
strong enough to induce re-arrangement of electronic orbitals of
atoms and molecules, in particular at metal surfaces, leading to
new phenomena that can be summarily described as field-induced
chemisorption and field-induced chemistry. Several review arti-
cles have been written in recent years about these topics [1-4].

Electric field effects on matter can be classified, rather arbi-
trarily, into two categories: (i) in low fields, i.e. below roughly
107'v/A, atoms, molecules and condensed matter only get polarized;
we will call _such effects physical. (ii) In fields larger than typi-
cally 10"1V/& chemical effects come into play in addition in that
the electronic orbitals get distorted to such a degree as to effect
the chemical characteristics of an atom or molecule e.g. by estab-
lishing new bonding orbitals. In this way, molecules, unstable in
field free situations, may be stabilized by a strong electric field.
Also, new pathways in chemical reactions, e.g. in heterogeneous
catalysis and in chemical vapor deposition, may be established.

To discuss field effects qualitatively, we look, in Fig. 1, at a
molecule AB adsorbed on a metal. Far from the surface and in the
absence of a field, the atomic orbitals of A and B hybridize into
molecular orbitals which we take to be a lower-lying bonding orbi-
tal and an empty antibonding orbital. As the molecule approaches a
metal surface, additicnal hybridization with the conduction elec-
trons occurs leading to shifts and broadening of these orbitals. As
illustrated in Fig. 1, the antibonding orbital gets partially occ-
upied resulting in (i) bonding to the surface and (ii) weakening of
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Fig.l: Schematic view of the electronic level structure of
an AB molecule adsorbed on a metal without and with an
external electric field.

N

the 4-B bond and stretch vibration. Molecules such as CO and N, are
examples. Applying an electric field, F,, pointing away the sur-
face, adds the potential energy, eF,z, for the electrons outside the
metal (assuming, for this simplified discussion, total expulsion of
the field from the metal). This raises the atomic levels of the
atoms A and B by amounts of the order eF,z, and eFyz,, respectively,
resulting in a substantial re-arrangement of the molecular orbi-
tals. For the situation depicted in Fig. 1, the anti-bonding orbi-
tal empties out again, leading to restabilization of the molecule
and probably a weakening of the surface bond. If we increase the
field strength to the point where the bonding orbital is lifted
above the Fermi energy of the metal, it will drain a2s well, leading
to field-induced dissociation. Note that in the absence of the
field the bonding orbital of the AB molecule is more B-like whereas
the anti-bonding orbital has more 4 character. As the electric
field is increased, these characteristics are changed in a continu-
ous manner into a situation where the bonding orbital is more A-
like and the anti-bonding orbital has B character. This possibility
of changing the relative position of orbitals of the constituent
atoms in a molecule with respect to each other, leads to new,
field-induced chemistry. As an example, local electric fields,
generated by a sharp metal tip, can be used to preferentially dis-
sociate certain species that one wants to deposit locally under the
tip, e.g. in field-assisted chemical vapor deposition.

In this paper we will first review our present understanding of
electrostatic fields at metal surfaces. Then we will look at field
evaporation and field-induced chemisorption. Finally we will dis-
cuss in some detail field-induced chemical reactions at surfaces as




the topic of most relevance to atomic and nanoscale manipulation of
materials.

2. Electrostatic Fields at Metal Surfaces

Classical electromagnetic theory assumes that the surface of a
metal is a mathematical plane with excess charges and a dipole
layer at which the normal component of the electric field drops
discontinuously to zero, at least for a perfect conductor. On real
surfaces, however, the electron distribution and also electric
fields vary smoothly over distances of a few angsttoms. A simple
model [5-7] that bears out these features is the jellium model of a
metal in which we assume that the ionic lattice can be smoothed
into a uniform positive charge density n4 that drops to zero
abruptly half a lattice constant above the topmost lattice plane.
Within the framework of density functional theory, the electron
density and the local field distribution can be determined from the
selfconsistent solution of ¢ Schr&dinger-like equation and of Pois-
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Fig.2: A schematic view of (a) the charge distribution at a
metal surface without a field (F,=0), the positive jellium
background is indicated, solid lines: r,=2.0, dashed lines:
r,=3.0; (b) the surface dipole layer p*=ny*-n_s for F,=0, con-
structed from (a); (c) the field-induced surface charge &;
and (d) the applied electric field F at a metal surface.




son’s equatian. In Fig.2 we present the results of a density func-
tional calculation for a jellium surface. In panel (a) we show the
selfconsistent electron distribution in the absence of an external
field with the local deviation from charge neutrality, i.e. the
dipole layer, given in panel (4). In panel (¢) we have added some
excess charge, §p, that gives rise to the external field in panel
(d). We note that the field decays smoothly into the metal with
appreciable strength left at the position of the top most ion
layer. This can be viewed as partial penetration of the field into
the metal, or as incomplete expulsion of the field from the metal.
To compare these quantum mechanical calculations with classical
results from Maxwell’'s theory, we note that the plane at which
boundary conditions are imposed on the classical fields, i.e. the
discontinuous drop of the normal component of the electric field to
zero, is given by the center of gravity of the excess charge dp, i.e.
roughly the point where the field has dropped to half its value at
infinity. For future reference we note here that this plane does
not remain constant but moves towards the ion cores as the asymp-
totic field strength increases, due to the fact tha. the electrons
are pushed into the metal increasing the field penetration and the
Friedel oscillations.

Density functional calculations have recently been performed to
deal with the situation with a lonely metal atom on a flat, close-
packed metal surface.{8] The latter was modeled by a flat jellium
surface with the metal atom treated ab initio. The calculations
are based on the chemisorption programme of Lang and Williams [9],
extended to account for the external field selfconsistently as
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Fig. 3: Electrostatic field strength along line through the
center of the adatom for Ti (left) and Rh (right) on a metal.
Curves 4 and B: without and with the adatom; curve C: classi-
cal result.

well. In Fig.3 we plot, curve 4, the external electric field lat-
erally far from the lonely atom. Curve B is the field along a line
through the center of the atom, and curve C is the classical result




approximating the atom by a hemispherical boss. Compared with the
field in the absence of the adatom, we note the expulsion of the
field from the adatom region, which results in an enhancement of
the field just outside the adatom, however, not as much as classi-
cal theory predicts. Rather, the partial field penetration into the
adatom region reswults in a smearing out of the field as a reflec-
tion of the adjustability of the electronic distribution at the sur-
face. Evaporation field strengths, i.e. the fields at which metal
atoms desorb at zero temperature, and dipole moments of the adada-
tom have also been calculated in this model yielding good agreement
with experimental values. In closing we note that the local field
enhancements predicted in Fig.3, have recently been confirmed in
precision measurements of field ion appearance energies.(10]

3. Field evaporation

Field evaporation is the removal of lattice atoms as singly or mul-
tiply charged positive ions from a metal in a strong electric field
F of the crder of several V/4, as it occurs at field ion tips
(18,19]). The term field desorption is usually reserved for the pro-
cess of removing field-adsorbed atoms or molecules from a field ion
tip [11-12]. Field evaporaticn and field desorption are thermally
activated processes; as such, their rate constants can be parame-
trized according to Frenkel-Arrhenius as

ry = a(T,Fyv(T,F) ¢ 20'*87 (1)

Here Q(F) is the field dependent height of the activation barrier to
be overcome by the desorbing particle. The field and temperature
dependent prefactor av, contains a factor « accounting for the effi-
ciency of the charge and energy transfer mechanism, and an effec-
tive "attempt" frequency » to overcome the activation barrier. The
minimum field strength beyond which at low temperatures the metal
tip evaporates is termed the gvaporation field strength; it varies
from 2.5V/A for Ti to 6.1V/A for W with a typical experimental
error margin of 10-15% [12]). Ernst has measured Q(F) and v(F) for Rh
(13], and Kellogg [14] has presented data for W in the field range
4.7 to 5.9V/A.

Two phenomenological models have been used in the past to calcu-
late the activation energy Q(F), the "image-force" model ({15] and
the "charge-exchange" model [16]. A recent assessment has been
given by Kellogag [14]. Field evaporation is a dramatic demonstra-
tion of the limitation of classical concepts in solid state physics.
Maxwell’'s theory says that the electric field drops to zero at the
image plane, i.e. just cutsice the metal. Thus the electric field
has, classically, no effect on the ion cores of the metal, and thus,
classically field evaporation is not possible. On the other hand,
we have seen in section 2 that field expulsion from the metal is not
complete and that the field strength at the topmost ion cores in a




metal can be substantial, and in particular strong enough to cause
field evaporation.

Experiment suggests that field evaporation of metal atoms occurs
most likely at steps, kinks and edges or for small clv ters of
atoms on larger planes. Theory should calculate the electric
field, the electron density, and the geometry of the ion cores for
such configurations selfconsistently. In an early attempt Kreuzer
and Nath [17] have used the ASED-MO cluster method taking the elec-
tric field again from jellium calculations, i.e. foregoing the
selfconsistency requirement. Still, their calculation of evapora-
tion field strengths reproduced trends in experimental data
remarkably well. Selfconsistency was recently achieved within the
context of density functional calculations for an adatom on a jel-
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Fig.4: Potential energy for Nb on jellium with r,=3.0 bohr as
a function of nuclear distance, z, from the jellium edge. F,
in V/A.

lium surface.{8] In Fig.4, we show the adiabatic energy curves for
niobium on jellium for several field strengths. In zero field the
depth of the surface potential is 5.2eV, which is, not surprisingly,
somewhat less than the cohesive energy of Nb, 7.47eV, because the
jellium lacks p- and d-orbitals. This deficiency is also the cause
of the rather weak repulsion at short distances. With a field appl-
ied, the ground state energy curves must assume an asymptotic form
-eFyz for large z, appropriate for a singly charged positive ion.
Ionization of the adatom can occur when its highest occupied level
is lifted by the field energy term, eFyz, above the Fermi level of
the jellium. If the ionization level were not shifted and broadened
by the interaction with the metal, the changeover to the asymptotic
form would happen abruptly at the apex of the potential energy
curve, i.e. at the point where the diabatic energy curves for the
neutral and ionic species cross. For the fields chosen for Fig. 3,
the apex is so close to the metal surface that considerable inter-




action between the adatom and the metal is still in effect. This
results in a considerable broadening of the ionization level of the
adatom so that only partial charge draining occurs in the apex
region.

We will call the energy difference between the minimum of the
surface potential and the local maximum at its apex the activation
enerqgy, Q(F,), for ionization. In zero field, the activation energy
is equal to the binding energy of the adatom. We note that the
activation energy becomes zero for the evaporatign field strength
which we estimate for Nb on jellium to be 3.6V/A4, which cpmpares
very favorably with the experimental value for Nb, F,,=3.5V/4. Sim-
ilar results are obtained for other metals.

It has been suggested [17] that the field dependence of the acti-
vation energy for different metals obeys a universal scaling law if
one plots Q(F,)/Q (F,=0) as a function of f=F;/F,,. In a simple model,
this scaling law is given by

Q(Fy)/Q(Fy=0) =V1-f + &f tn[ (1-V1-f)/ (1+1-f)] )

Experimental data on tungsten [14] and theoretical results
obtained in the jellium model [8] and by the ASED-MO method [17]
have confirmed this conjecture.

4. Field-induced Chemisorption

It has been known since the invention of the field ion microscope
that the imaging gas, usually helium or neon, adsorbs on the tip in
eleciric [i<lds of tlie order of tlie best image field strength, i.e.
several volts per angstroms, at standard operating temperatures
around 80K [18-20]. In particular, field-adsorbed helium on a
tungsten tip is bound by about 250meV in fields of the order of
4-5V /4. Two mechanisms have been proposed to explain field adsorp-
tion: (i) polarization (dipole-dipole) forces [21-22] and (ii) field-
induced chemisorption ([23-24]). A consensus has amerged over the
past few years that polarization forces are not sufficient to
explain field adsorption of rare gases [25-26]. We will therefore
skip this subject and procede with a review of field-induced chemi-
sorption.

As discussed earlier, electric fields of the order of volts per
angstroms are comparable to those experienced by valence electrons
in atoms and molecules. One should therefore expect that in exter-
nal fields of that magnitude a redistribution of the valence elec-
trons in the coupled adsorbate-solid system takes place which
effects both the orbitals of the surface bond as well as internal
bonds in an adsorbed molecule. Whether this redistribution leads
to enhanced or reduced binding depends on whether bonding or anti-
bonding orbitals are more strongly affected. We will refer to this
phenomenon as field-induced chemisorption. Very surprisingly it is
important even for the mpst inert atom, namely helium, i.e. in
fields of the order of 5V/4 polarization induces the occupation of




excited states at the level of a few percent. Thus even helium
cannot, in such fields, be regarded as a closed shell atom with the
consequence that it forms weak covalent bonds as it approaches a
metal surface.

In our early work [23-24,27] on field-induced chemisorption of
rare gases wa have used the atom superposition and electron delo-
calization molecular orbital method (ASED-MO) [28]. The resulting
field dependence of the activation energy, the position of the min-
imum in the adsorption potential and the vibrational frequency of
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Fig.5: Activation energy Q, binding position z,,,, and vibra-
tion frequency of helium field-adsorbed on tungsten.

the He atom in the surface potential is depicted in Fig.5 together
with experimental results [27].

Exciting as these results may be one must be aware of a number of
caveats with the ASED-MO method as discussed in Ref.29. We have
therefore performed a selfconsistent calculation for the field-
adsorption of helium and neon on a jellium surface using density
functional theory in the local density approximation. Not only are
the earlier results based on the semi-empirical ASED-MO theory
reproduced, but new insight into the transition from physisorption




to covalent chemisorption is obtained; for details see Ref.29. it
should be obvious that field effects are also important in under-
standing the manipulation of xenon atoms with a scanning probe.

5. Field-induced Chemical Reactions

To estimate the field strength needed to affect the chemistry of a
reaction, we note that the equilibrium constant, K, of a reactive
system depends on the field strength, F, via a van’'t Hoff equation
(30]

3K AM
F = RT ()

where AM is a partial molar energy related to the change in elec-
tric moment in the reaction, i.e. AM = ApF + YaaF? + ... Here ap is

the difference in the permanent dipole moments of the products and
the reactants, and A« is the change in their polarizability. 1In
order to achieve values for AM comparable with typlcal) reaction
enthalpies or volumes, one needs fields in excess of 0.1V/A.

Block and coworkers following earlier work by Inghram and Gomer
[{31] have developed a field pulse technique in the field ion micro-
scope that allows the investigation of the field effect on chemical
reactions; a detailed account has been given by Block.[32] Systems
that have been studied by this technique are the formation of metal
subcarbonyls, the polymerization of acetone, the reaction of sul-
phur on metal surfaces, the decomposition of methanol on metal sur-
faces, hydride formation on semiconductors, NO reactions on metals
and many more.

As an exarple we will look, in this section, at the adsorpticn,
dissociation and reaction of NO on a Pr(111) surface in high electric
fields. Although NO adsorbed on various planes of platinum does
not dissociate at room temperature, applying electric fields in
excess of 0.4V/A causes rapid decomposition. Employing pulsed
field desorption mass spectrometry, Kruse et al (33] observed N20+
N, and, to a lesser extend, 0" ions from the stepped Pr(111l) regions
of a fleld emitter tip as the field is increased, with decreasing
amounts of NO't being recorded. Beyond 1.2V/A4 no NO" could be
desorbed.

In zero field NO adsorbs on Pr(111) (34] (and on Ni(111l) [35] and
on Ru(001) (36]) in bridge (on top) sites at low (high) coverage with
an outward negative (positive) dipole moment. This flexibility is
due to the lone electron in the 27 antibonding level, consisting
mainly of the 2p, levels of O and N. This picture has been con-
firmed by ASED-MO calculations which are also used to study the
field effects.[37]

As an electric field is applied, the levels on the O atom, being
further away from the surface, are raised up relatively higher than




those on the N atom. This in particular effects the 2p, levels on O
and N resulting in a shift of the electronic charge of the 27 level
to the O atom. As a result the overlap between the 2x level of NO
and the levels of the metal decreases with a subsequent decrease in
the electron transfer from the metal to the 27 level stabilizing
the adsorbed NO molecule. Also note that the dipole moment of
adsorbed NO, i.e. O~NTt, is opposite to the field direction, thus the
total energy increases as the field is increased.

Using the ASED-MO method [37] one can study the effect of an
electric field on the bending mode of adsorbed NO. One finds that
for fields larger than about 0.4 V/A the activation energy for dis-
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Fig.6: Potential energy curves and adsorption geometries of
NO on Pt(111) as a function of reaction coordinate.

sociation becomes negligible, see Fig.6. In fields larger than 1.2
V/A we finally observe the reaction 2NO = N,0 + 0. A detailed dis-
cussion of the electronic structure of the species involwved and the
reaction pathways can be found in Ref.[37].

Outlook

Electric fields of the order of volts per angstrom affect the val-
ence electrons on atoms shifting their energies by electron volts
with respect to each other. In recent years a microscopic theory
has emerged that looks at the new physics and chemistry from a
microscopic point of view. We now understand field adsorption as
field-induced chemisorption, a mechanism that affects even the
lightest rare gases. We also now have a microscopic theory to
describe kinetic effects in high electric fields at surfaces such
as thermal field desorption and field evaporation (38-39].




The electronic structure calculations have been based so far on
two vastly different approaches, namely the semi-empirical tigh
binding (ASED-MO) method and density functional theory. Where com-
parisons are possible, an astonishing degree of agreement in the
predictions is found. The reason for this lies in the fact that
fields of the order of volts per angstrom shift electronic levels
in atoms and molecules by several eV relative to each other. Such
large shifts can obviously be handled quite reliably by semi-empir-
ical methods.

Chemistry in high electric fields is an even more exciting field.
Because fields of the order of V/4A affect the valence electrons of
atoms, new molecular species are stabilized in high fields thus
opening up new reaction pathways in heterogeneous catalysis. Most
work so far has been concentrating on static electric fields; how-
ever, many new phenomena are to be expected in alternating fields
as well, as the work on photon-induced field desorption suggests.

What is important to learn from the example of field-induced
chemistry in the last section is the fact that high electric fields
can significantly alter reaction pathways, and indeed promote or
hinder entire reactions. The fields involved are typically less
than 1 V/A4, i.e. of the order of those generated between a tunneling
tip and a substrate metal or semiconductor under conditicns of
atomic manipulation.
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